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20 Abstract 

21 Identifying viral antagonists of innate immunity and determining if they contribute 

22 to pathogenesis is critical for developing effective strategies to control emerging viruses. 

23 Previously, we reported that an endoribonuclease (EndoU) encoded by murine 

24 coronavirus plays a pivotal role in evasion of host innate immune defenses in 

25 macrophages. Here, we asked if the EndoU activity of porcine epidemic diarrhea 

26 coronavirus (PEDV), which causes acute diarrhea in swine, plays a role in antagonizing 

27 the innate response in porcine epithelial cells and macrophages, the sites of viral 

28 replication. We constructed an infectious clone of PEDV-Colorado strain (icPEDV-wt) 

29 and an EndoU-mutant PEDV (icPEDV-EnUmt) by changing the codon for a catalytic 

30 histidine residue of EndoU to alanine (His226Ala). We found that both icPEDV-wt and 

31 icPEDV-EnUmt propagated efficiently in interferon (IFN) deficient Vero cells. In contrast, 

32 the propagation of icPEDV-EnUmt was impaired in porcine epithelial cells (LLC-PK1), 

33 where we detected an early and robust transcriptional activation of type I and type III 

34 IFNs. Infection of piglets with the parental Colorado strain, icPEDV-wt or icPEDV- 

35 EnUmt revealed that all viruses replicated in the gut and induced diarrhea, however 

36 there was reduced viral shedding and mortality in the icPEDV-EnUmt-infected animals. 

37 These results demonstrate that the EndoU activity is not required for PEDV replication 

38 in immortalized, IFN-deficient Vero cells, but is important for suppressing IFN response 

39 in epithelial cells and macrophages, which facilitates replication, shedding and 

40 pathogenesis in vivo. We conclude that PEDV EndoU activity is a key virulence factor 

41 that suppresses both type I and type III IFN responses. 
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43 Importance 

44 Coronaviruses (CoVs) can emerge from an animal reservoir into a naive host 

45 species to cause pandemic respiratory or gastrointestinal diseases with significant 

46 mortality in humans or domestic animals. Porcine epidemic diarrhea virus (PEDV), an 

47 alpha-CoV, infects gut epithelial cells and macrophages, inducing diarrhea resulting in 

48 high mortality in piglets. How PEDV suppresses the innate immune response was 

49 unknown. We found that mutating a viral endoribonuclease, EndoU, results in a virus 

so that activates both the type I interferon-a/p response and the type III interferon-X 

51 response in macrophages and epithelial cells. This activation of interferon limited viral 

52 replication in epithelial cell cultures and was associated with reduced virus shedding 

53 and mortality in piglets. This study reveals a role for EndoU activity as a virulence factor 

54 in PEDV infection and provides an approach for generating live-attenuated vaccine 

55 candidates for emerging coronaviruses. 

56 
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57 Introduction 

58 Viruses have evolved a myriad of strategies to overcome host innate antiviral 

59 defenses for successful infections. Previous studies identified viral factors that target 

60 key players in the signaling pathways responsible for activating the type I interferon (IFN) 

61 response, and viral factors that target the downstream signaling pathways needed to 

62 amplify IFN-stimulated genes (ISGs) that induce an antiviral state (1, 2). For pathogens 

63 that replicate in respiratory or gut epithelial cells, the type III IFN response mediated by 

64 IFN-lambda (IFN-X), represents the first line of defense that must be mitigated (3-5). 

65 Identifying viral antagonists and investigating how these viral factors interrupt or delay 

66 innate responses is important for controlling viral pathogenesis and developing new 

67 targets for therapeutics and new designs for live-attenuated vaccines. 

68 Coronaviruses (CoVs) are enveloped, positive-sense RNA viruses that are well 

69 known for their ability to emerge from animal reservoirs, particularly bats, and make the 

70 jump into a new species, as seen with severe acute respiratory syndrome (SARS) CoV 

71 and Middle East respiratory syndrome (MERS) CoV (6, 7). CoVs primarily infect lung 

72 and gut epithelial cells, resulting in respiratory and enteric diseases, respectively. CoVs 

73 are also notorious for their ability to delay the innate immune response to infection, 

74 which can contribute to disease severity and potentially contribute to persistence (8). 

75 As CoVs have tropism for primary epithelial cells, these viruses must be equipped with 

76 strategies to abate the innate response generated in the epithelium. Epithelial cells, 

77 unlike myeloid immune cells such as macrophages and dendritic cells, generate and 

78 respond to type III IFNs (9, 10). However, how CoVs modulate the type III IFN-mediated 

79 antiviral defense in the primary epithelium is not clear. 
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so CoVs belong to the family Coronaviridae of the order Nidovirales and have four 

81 genera: alpha, beta, gamma, and delta. These viruses have the longest known RNA 

82 genomes (~30 kb) (Fig. 1A), which encode 15-16 nonstructural proteins (nsps 1-16), 

83 four structural proteins [spike (S), envelope (E), membrane (M), and nucleocapsid (N)], 

84 and a variety of strain-specific accessory proteins. Many beta-CoV accessory proteins 

85 and several nsps have been identified as IFN antagonists (11). Recently, we and others 

86 added a new member to the list of CoV IFN antagonists, nsp15/EndoU (12-14). 

87 Coronavirus nsp15 was identified as an endoribonuclease (15, 16), but it is now clear 

88 that the endoribonuclease activity is not required for viral RNA synthesis, since viruses 

89 with mutations in the catalytic sites required for EndoU activity replicate efficiently in IFN 

90 deficient cells (12, 13, 17). However, EndoU activity plays a pivotal role in evading host 

91 sensing of viral double-stranded RNA (dsRNA). Inactivating EndoU catalytic activity 

92 resulted in robust and early induction of type I IFN in virus-infected mouse macrophages, 

93 rapid clearance of infectious virus from the liver and spleen in infected mice, and the 

94 generation of a protective immune response. Since nsp15/EndoU is highly conserved 

95 across all CoVs (Fig. IB), we sought to determine if the IFN antagonism we detected in 

96 murine CoV is conserved in other CoVs, especially those that target epithelial cells. In 

97 the present study, we sought to characterize the role of EndoU of an enteric CoV, 

98 porcine epidemic diarrhea virus (PEDV). 

99 PEDV emerged suddenly in the United States in 2013, causing devastating 

100 losses in swine production (18-20). Despite early efforts to provide protection with killed 

101 or subunit vaccines, there is not yet an effective modified live vaccine (21,22). PEDV is 

102 an alpha-CoV that infects the enteric tract of swine and causes diarrhea (19, 23). This 
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103 virus is highly pathogenic in neonatal pigs (up to 100% mortality) and the mortality 

104 inversely correlates with the age of animal. PEDV infection occurs primarily in intestinal 

105 epithelial cells (enterocytes), but can also be detected in the macrophage-like cells 

106 located within Peyer’s patches (24-26). Since epithelial cells primarily make and 

107 respond to type III IFN, while macrophages primarily respond to type I IFN, we asked if 

108 a CoV IFN antagonist can modulate both of these activities. Plere, we report that the 

109 EndoU activity of PEDV not only antagonized the type I IFN response in porcine 

no macrophages, but also inhibited the type III IFN response in porcine epithelial cells, 

in which may facilitate replication, shedding, and disease in piglets. 

112 Results 

113 Generating an infectious clone of PEDV-Colorado strain and an EndoU- 

114 mutant PEDV. To investigate if PEDV EndoU acts as an IFN antagonist in porcine cells, 

115 we generated an infectious clone of PEDV and an EndoU-deficient mutant virus using a 

116 previously described strategy (27) with minor modifications (Fig.1, see details in the 

117 Materials and Methods). Briefly, three synthetic DNA fragments were generated based 

118 on the PEDV-Colorado genomic RNA sequence (28). These synthetic DNAs were used 

119 as the template for PCR amplification of five segments that were then cloned into 

120 plasmid vector backbones. The promoter sequence of T7 RNA polymerase and a polyA 

121 tail were inserted at the 5’ and 3’ ends of the genome, respectively. In addition, the 

122 sequence of the N gene was amplified and cloned into a pcDNA3.1 vector that carries a 

123 T7 promoter sequence. To rescue the virus, the five PEDV DNA fragments were 

124 digested from their vectors and ligated in vitro. The ligated DNA and linearized N gene 

125 plasmid DNA were used as templates for in vitro RNA transcription reactions to yield 
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126 full-length genomic RNA and N gene transcripts. These RNA transcripts were mixed 

127 and co-electroporated into Vero cells, where they were translated into viral proteins to 

128 initiate the replication and assembly of infectious particles of PEDV. Initially, no 

129 syncytia-like cytopathic effects (CPE) were observed in the electroporated cells, nor 

130 was CPE detected upon passage of the supernatant from the electroporated cells. 

131 However, using RT-PCR, we detected viral leader-containing subgenomic mRNA from 

132 the total RNA isolated from electroporated cells, indicating that virus replication was 

133 occurring (data not shown). Similar results were reported during the generation of the 

134 infectious clone of PEDV-PC22A, with no CPE detected in cell culture, but clear 

135 evidence of virus production since supernatant could be used to induce disease in 

136 piglets (29). For PEDV-PC22A, Hou et at. found that insertion of a tri-nucleotide in the 

137 spike sequence, resulting in replacement of aspartic acid by a glycine residue, and the 

138 addition of a histidine residue (D466GH), resulted in development of CPE during PEDV 

139 infection in Vero cells (30). Since the Colorado and PC22A strains share 99% identity in 

140 the spike region, we reasoned that introducing the D466GH mutation into the spike 

141 sequence of the Colorado strain spike sequence would induce CPE in Vero cells. As 

142 expected, within 24-48 hours post-electroporation, syncytia-like CPE was detected in 

143 Vero cells electroporated with the in vitro synthesized RNA (Fig. 2A). The virus 

144 recovered from the supernatant was designated as infectious clone wild type, icPEDV- 

145 wt. Similarly, we generated an EndoU-deficient mutant, designated icPEDV-EnUmt, by 

146 introducing a His-to-Ala substitution (H226A) of the catalytic residue of nsp15 (Fig 1). 

147 These viruses were passaged in Vero cells and the expression of N protein was 

148 detected by immunofluorescence using FITC-conjugated anti-N monoclonal antibody 
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149 (Fig. 2B). The genome sequence of each virus was confirmed by lllumina high- 

150 throughput sequencing of RNA isolated from virus particles. The consensus sequence 

151 was found to have no additional mutations than those described above. 

152 Evaluating replication of icPEDV-wt and icPEDV-Enllmt. Since the 

153 recombinant PEDV wildtype (icPEDV-wt) had a D466GH mutation in spike protein, we 

154 wanted to determine if this mutation would affect viral replication in cell culture. To 

155 address this, we compared the replication kinetics of the parental strain and icPEDV-wt 

156 in Vero cells over 80 hours. The results show that icPEDV-wt exhibited similar 

157 replication kinetics as the parental Colorado strain (Fig. 2C), indicating the change in 

158 the spike sequence did not alter PEDV replication in Vero cells. This result is consistent 

159 with the findings of Hou et at. (30). We also found that icPEDV-EnUmt replicated as 

160 efficiently as icPEDV-wt in Vero cells (Fig. 2D), demonstrating that EndoU activity is not 

161 required for PEDV replication in Vero cells, an IFN-deficient, immortalized cell line. 

162 Evaluating the kinetics of activating type I and type III interferons in PEDV- 

163 infected PK1 cells. PK1 cells are a porcine kidney epithelial cell line that has been 

164 used for isolating and propagating porcine CoVs (31) and are permissive to PEDV 

165 infection (32). To determine if this cell line can sense and respond to dsRNA, we 

166 transfected these cells with a dsRNA mimic, poly(l:C). We detected significant 

167 transcriptional expression of IFN-p and IFN-X3 mRNA (Fig. 3A) and ISGs (Fig. 3B) at 16 

168 hours post-transfection, as compared to mock-transfected cells. These results 

169 demonstrate that PK1 cells are capable of detecting and responding to cytoplasmic 

170 dsRNA molecules. Next, we evaluated the kinetics of IFN activation after infection with 

171 icPEDV-wt or icPEDV-EnUmt. PK1 cells were mock-infected or infected with the 
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172 indicated virus at a dose of 0.1 tissue culture infectious dose 50 (TCID 50 ) per cell. The 

173 mRNA levels of IFN-p, IFN-A3, PEDV nucleocapsid (N) gene, and porcine GAPDH gene 

174 were evaluated using RT-qPCR at different hours post-infection (hpi) (8, 12, 24, and 32 

175 hpi). We found that in icPEDV-wt-infected cells, the relative mRNA level of IFN-A3 was 

176 not significantly changed at the tested time points, and the IFN-p mRNA was detected 

177 at a low level until late time points of infection (24 and 32 hpi). In contrast, icPEDV- 

178 EnUmt infection activated an earlier and more robust IFN response, as revealed by 

179 elevated levels of IFN-p mRNA as early as 8 hpi, and IFN-A.3 at 24 hpi (Fig. 3C and D). 

iso We also evaluated viral replication by monitoring levels of PEDV N gene mRNA and 

181 production of progeny virus. The N gene mRNA expression in icPEDV-EnUmt-infected 

182 cells was significantly reduced at late times post-infection (24 and 32 hpi) (Fig. 3E). We 

183 found a significantly reduced titer of icPEDV-EnUmt at 32 and 48 hpi, as compared to 

184 icPEDV-wt (Fig. 3F). 

185 To determine if the elevated IFN expression could stimulate robust activation of 

186 an antiviral response, we evaluated the expression of ISGs and pro-inflammatory 

187 cytokines in virus-infected PK-1 cells. As shown in Figure 4, icPEDV-EnUmt infection 

188 stimulated an earlier and more robust transcriptional activation of ISGs and pro- 

189 inflammatory cytokines as revealed by activation of ISG54, ISG15, 2'-5'-oligoadenylate 

190 synthetase 1 (OAS1) and tumor necrosis factor alpha (TNF-a) (Fig. 4 A-D). Taken 

191 together, these results indicate that the EndoU activity of PEDV nsp15 is important for 

192 inhibiting type I and III IFN responses, which facilitates viral replication in IFN-competent 

193 cells. 
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194 IFN production in porcine macrophages infected with PEDV. PEDV 

195 replication can be detected in macrophage-like cells within Peyer’s patches and lymph 

196 nodes of infected animals (24-26). PEDV has also been shown to infect primary porcine 

197 alveolar macrophages (PAMs) in vitro, although replication is minimal in these cultured 

198 cells (33). Therefore, to determine if EndoU activity plays a role in controlling the IFN 

199 response in primary macrophages, we infected PAMs with either icPEDV-wt or icPEDV- 

200 EnUmt at a dose of 0.1 TCID 50 per cell and assessed the mRNA levels of IFN-a, IFN-p 

201 and IFN-T3. As shown in Figure 5, we observed significantly elevated production of IFN- 

202 (3 mRNA levels, 200- to 500-fold higher than mock- or icPEDV-wt-infected cells at 6 and 

203 12 hpi, respectively (Fig. 5A). We also detected elevated levels of IFN-a mRNA (Fig. 5B) 

204 in cells infected with the icPEDV-EnUmt as compared to the levels seen in icPEDV-wt- 

205 infected cells. The IFN-73 mRNA level was slightly elevated (2-fold) at 24 hpi in 

206 icPEDV-EnUmt-infected cells, but there was no statistically significant difference 

207 between WT- and EndoU mutant-infected PAMs (Fig. 5C). We note that both WT- and 

208 EnUmt-infected PAMs exhibited minimal elevation (2-fold) of N gene expression at 24 

209 hpi (Fig. 5D), consistent with very low levels of virus replication in cultured PAMs (33). 

210 We also found that mRNA levels of ISG54 and OAS1 were significantly increased in 

211 icPEDV-EnUmt-infected PAMs compared to icPEDV-wt infection (Fig. 5E and F). These 

212 results together indicate that EndoU activity antagonizes the type I IFN response during 

213 PEDV infection in primary macrophages. 

214 Evaluating the pathogenesis of PEDV-Colorado parental strain, icPEDV-wt 

215 and icPEDV-EnUmt in piglets. We compared the pathogenicity of the parental PEDV- 

216 Colorado strain with the infectious clone viruses in piglets. At 7-days-of-age, eight 
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217 piglets in a litter were orally inoculated with one of the three viruses (10 5 TCID 50 per pig). 

218 Piglets were monitored daily for clinical symptoms and daily rectal swabs were collected 

219 to evaluate fecal shedding of virus particles. We found that all virus-inoculated piglets 

220 manifested with diarrhea and exhibited similar clinical symptoms during the 7-day 

221 experimental course, with the icPEDV-EnUmt-infected piglets exhibiting slightly reduced 

222 clinical scores at days 3-5 (Fig. 6A). Interestingly, although icPEDV-EnUmt-inoculated 

223 piglets exhibited a similar disease as the WT-infected animals, we found that the 

224 icPEDV-EnUmt-infected piglets had significantly reduced viral shedding on days 3 and 6, 

225 and trended toward reduced shedding at all time points tested (Fig. 6B). Importantly, 

226 there was no mortality in the icPEDV-EnUmt infected piglets, compared to 50% (4/8) 

227 and 62.5% (5/8) mortality in the icPEDV-wt or PEDV-Colorado parental strain infected 

228 piglets, respectively (Fig. 6C). We performed histopathologic examination of sections of 

229 the small intestine in six pigs from the PEDV parental strain infected group, seven pigs 

230 from the icPEDV-EnUmt infected group and six pigs from the icPEDV-wt infected group. 

231 Lesions consisted of villus atrophy and fusion, accumulation of inflammatory cells within 

232 the lamina propria, primarily lymphocytes and plasma cells, and crypt hyperplasia. 

233 Mucosal epithelium in affected sections of intestine was cuboidal to tall columnar and 

234 there was mild exocytosis of inflammatory cells. Lesions were present in one or more 

235 intestinal sections from all affected pigs, and were most pronounced within sections of 

236 jejunum and ileum. We report that lesion severity was not significantly different in 

237 affected pigs between the three virus-infected groups; however, individual variation was 

238 observed in all groups. Representative images of ileum sections from an age-matched, 

239 uninfected piglet and from one piglet per virus-infected group are shown in Figure 7, 
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240 upper panel. To determine if the sites of virus replication were similar in all infected 

241 animals, we performed immunohistochemistry to detect PEDV nucleocapsid protein. 

242 Similar to previous studies (24-26), viral antigen was detected in epithelial cells, and we 

243 found that the sites of replication of the engineered viruses were essentially identical to 

244 those found with PEDV-Colorado (Figure 7, lower panel). 

245 

246 Discussion 

247 Our study reveals that coronaviruses encode a highly conserved enzyme, EndoU, 

248 that mitigates type I and type III IFN responses in virus-infected macrophages and 

249 epithelial cells. By constructing an infectious clone of the virulent Colorado strain of 

250 PEDV, and an isogenic strain with a mutation that inactivated EndoU activity, we could 

251 directly compare the replication kinetics and innate immune responses of these two 

252 viruses in cell culture and in animals. Consistent with previous studies of murine 

253 coronavirus (12, 13), we found that both wild-type and the EndoU-mutant PEDV 

254 replicate efficiently in interferon deficient Vero cells. However, the loss of EndoU activity 

255 correlated with activation of type I (IFN-a/p) and type III (IFN-A) IFN responses in 

256 macrophages and epithelial cells, and reduced viral titer in PK-1 cells. These results are 

257 also in line with previous reports indicating that replication of SARS-CoV is enhanced in 

258 mice lacking the IFN-A receptor (34, 35), and that PEDV replication can be inhibited by 

259 treatment of IFN-A in epithelial cells (36, 37). Overall, these studies illustrate the critical 

260 role of IFNs in controlling enteric pathogens, and that coronaviruses have evolved 

261 mechanisms to evade these host innate immune defenses. 
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262 Our study illustrates that the innate immune response to PEDV is cell type 

263 specific, with macrophages responding via IFN-a/p response, whereas the epithelial cell 

264 response includes IFN-7. It is important to note that infection with wild-type PEDV does 

265 elicit IFN responses from epithelial cells and macrophages, but the timing of the IFN 

266 response is delayed and the magnitude of IFN levels is lower compared to PEDV- 

267 EndoU mutant virus infection (Fig. 3). The earlier IFN response elicited by icPEDV- 

268 EnUmt infection results in the transcription of a series of ISGs that are known to induce 

269 an antiviral state and thereby limit propagation of the invading pathogen. We also report 

270 detection of reduced virus shedding and mortality in piglets infected with icPEDV-EnUmt 

271 compared to piglets infected with the isogenic wild-type strain (Fig. 6B and C). These 

272 results suggest that activation of an early innate immune response alters virus 

273 replication and pathogenesis, but additional in vivo research is needed to fully 

274 investigate this issue. For example, the in vivo response to CoV infection may differ, 

275 depending on the dose of the virus and the age of the animal. It will also be important to 

276 evaluate the frequency of reversion of EndoU mutants and to employ strategies to make 

277 these viruses recombination-resistant (38). It is possible that the pathology we detected 

278 at day 7 in the icPEDV-EnUmt-infected animals could be generated by revertant viruses 

279 (Fig. 7). Future studies using viruses containing multiple mutations in EndoU, thus less 

280 likely to revert, should be evaluated at multiple time points to determine the extent of 

281 virus replication and the local immune response. For coronaviruses that encode multiple 

282 IFN antagonists, it will be interesting to evaluate the role of each antagonist on the type 

283 I and type III IFN responses, and to determine if inactivating a constellation of 

284 antagonists, perhaps both the highly conserved nonstructural protein antagonists and 
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285 accessory proteins, may be necessary to fully attenuate endemic and emerging strains 

286 (29, 39, 40). 

287 Evaluating type III IFN responses in epithelial cells is particularly important for 

288 hepatotropic, respiratory and enterotropic viruses. Previous studies revealed cell type 

289 specific differences in the innate immune response and the key role of peroxisomes in 

290 activating IFN-A in response to viral infection. Viral infection recognized by RIG-I/MDA- 

291 5 can signal via mitochondria-associated MAVS to activate IRF-3 and transcription of 

292 IFN-a/p, or alternatively through peroxisome-associated MAVS to activate IRF-1, 

293 resulting in activation of IFN-As (41). Hepatitis C virus (HCV) activates both type I and 

294 type III IFN responses (42), but polymorphisms in the IFN-A gene loci correlate with 

295 HCV disease progression and response to treatment (43). This genetic association for 

296 controlling HCV replication underscores the importance of the type III IFN response 

297 during infection. Similarly, a recent study demonstrates that the IFN-A response to 

298 influenza virus infection provides a “front line” response in the respiratory epithelium to 

299 low dose infection, which facilitates clearance without activation of the type I IFN 

300 response (44). Galani and co-authors provide evidence that limiting the viral infection 

301 via the type III IFN response mitigates the role of the more pro-inflammatory type I IFN 

302 response, which can be associated with immunopathology. Enterocyte-tropic viruses 

303 such as rotavirus, reovirus and norovirus can be limited by type III IFN responses (45- 

304 47). IFN-A. receptor knock out mice ( IfnlrT A ) are highly susceptible to enteric pathogens 

305 and signaling though this receptor is essential for IFN-A-mediated control of these 

306 pathogens. Like coronaviruses, some of these viruses encode IFN antagonists to 

307 escape the control of the type III IFN response in the gut. 
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308 A question that arises from this study is how does EndoU activity antagonize the 

309 type I and type III IFN responses? The EndoU crystal structures of SARS-CoV, mouse 

310 hepatitis virus, and MERS-CoV have been solved, clearly placing it into a conserved 

311 family of endoribonucleases, and mutagenesis studies have validated the role of the 

312 conserved histidine residues as essential for catalytic activity (48-50). The 

313 nsp15/EndoU protein was shown to localize with other nonstructural proteins and viral 

314 RNA in the double membrane vesicles (DMVs) that are thought to protect the viral RNA 

315 from recognition by pattern recognition receptors (51-53). Initial reports indicated that 

316 EndoU activity was essential for coronavirus replication (16); however, more recent 

317 research, including this study of PEDV EndoU, indicate that is not essential for viral 

318 replication. Rather, EndoU activity is important for antagonism of the innate immune 

319 response in macrophages (12, 13) and, as shown here, in epithelial cells. Our studies 

320 using a murine coronavirus indicate that viral dsRNA is detected outside of the 

321 protection of DMVs in EndoU mutant virus-infected cells, suggested that EndoU activity 

322 may play a role in either sequestering or cleaving dsRNA to prevent recognition by host 

323 dsRNA sensors such as MDA-5 (13). Further studies are needed to determine the 

324 mechanism of CoV EndoU activity in limiting the sensing of viral dsRNA. 

325 The conservation of EndoU across the entire family of the Coronaviridae , 

326 including related arterivuses such as porcine respiratory and reproductive syndrome 

327 virus (PRRSV), and emerging coronaviruses such as swine acute diarrhea syndrome 

328 (SADS) CoV is consistent with a required role for this enzymatic activity. Mutagenesis 

329 studies of the arterivirus EndoU revealed pleiotropic effects on replication; however, 

330 these mutant viruses were evaluated in BFIK-21 cells, which are defective in IFN 
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331 production (54, 55). Further studies are needed to determine if arterivirus EndoLI activity 

332 is important for antagonizing type I and type III IFN responses. Regarding SADS-CoV, 

333 this virus recently emerged from bats into the swine population in China, causing fatal 

334 disease in over 23,000 piglets on four farms (56-58). There are no vaccines currently 

335 available to protect from this infection. Identifying the key virulence factors for this 

336 emerging virus is essential for designing effective live-attenuated virus vaccines. 

337 This study provides evidence of a role for PEDV EndoU activity in antagonizing 

338 both type I and type III IFN responses in macrophages and epithelial cells and 

339 documents for the first time that inactivating EndoU activity modulates the virulence of 

340 PEDV infection in piglets. 

341 Methods and Materials 

342 Cells and virus. Porcine kidney epithelial cells, LLC-PK1 (#ATCC-CL101), termed 

343 PK-1 cells, were purchased from the ATCC and grown in growth medium containing 

344 modified Eagle medium (MEM) (Corning, 10010CV) supplemented with heat-inactive 5% 

345 fetal calf serum (FCS) (Atlanta Biological) and 1% pen/strep (Flyclone). Vero cells 

346 [USDA Animal and Plant Health Inspection Agency, National Veterinary Services 

347 Laboratory (APHIS-NVSL)] were grown in growth media containing MEM (Gibco, 

348 41500-018) supplemented with 10% FCS, 0.5% lactalbumin enzymatic hydrolysate 

349 (Sigma, 68458-87-7), and 1% pen/strep. Porcine alveolar macrophages (PAMs) were 

350 isolated from healthy young pigs by lung lavage and maintained in RPMI-1640 medium 

351 (Corning, 10043CVR) supplemented with 10% FCS and 1% pen/strep. The Colorado 

352 strain of PEDV (USA/Colorado/2013; GenBank: KF272920) was obtained from APHIS- 

353 NVSL and passaged four times in our laboratory. To make a large stock, PEDV was 
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354 propagated once more in Vero cells with maintenance media containing FCS-free 

355 growth media, 0.15% Bacto tryptose phosphate broth (29.5 g/L, Bectin Dickinson, Cat. 

356 260300), and 2 pg/mL 6- (1- tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)- 

357 treated trypsin (Worthington Biochemicals, LS003750). The culture medium of infected 

358 cells was harvested when -90% cells showed cytopathic effect (CPE), titrated on Vero 

359 cell monolayers, and stored at -80 °C. 

360 Construction of an infectious clone of PEDV-Colorado strain. A previously 

361 published approach for generation of a CoV reverse genetics system (27) was used to 

362 assemble a full-length PEDV cDNA clone. Briefly, the genomic sequence of Colorado 

363 strain was divided into five fragments (PEDV-A to -E) flanked with unique class II 

364 restriction sites that leave nonpalindromic overhangs. These fragments were obtained 

365 by PCR amplification from three large synthetic DNAs (GenScript) based on the 

366 genomic sequence of the fourth passage of PEDV-Colorado strain in Vero cells and 

367 sequenced by the Iowa State Veterinary Diagnostic Laboratory. In the PEDV-A 

368 fragment, a promoter sequence of T7 RNA polymerase was added upstream the 

369 sequence of PEDV 5’UTR. In the E fragment, two synonymous mutations (A23309G 

370 and A23312G) were introduced to disrupt a stretch of six A nucleotides, which might 

371 interfere with in vitro RNA transcription reactions. Additionally, three nucleotides (GGC) 

372 were inserted into the E fragment at the 22030 nucleotide site of PEDV genome. This 

373 insertion resulted in a replacement of aspartate 466 residue with a glycine and a 

374 histidine (D466GH) in the spike protein, which was shown to facilitate the cell adaptation 

375 of PEDV and recovery of infectious clone virus (30). The E fragment also contains a 

376 polyA tail (23 As) at the end of the viral genomic sequence. All five fragments were 
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377 cloned into the pCR-XL-TOPO vector, amplified in TOPIO bacterial cells, and verified by 

378 Sanger sequencing. A large quantity of each PEDV fragment was obtained by digesting 

379 the recombinant plasmid DNA using restriction sites designated in Figure 1, separating 

380 the DNA fragments on a 1% low-melt agarose gel (Lonza, 50111), excising the DNA 

381 fragment from the gel, and purifying the DNA fragment using a Wizard SV gel extraction 

382 kit (Promega, A9282). All five PEDV fragments were mixed and ligated overnight at 

383 16°C using T4 DNA ligase (New England Biolabs, M0202L). Ligated fragments were 

384 extracted with phenol-chloroform and used as a template for in vitro T7 RNA 

385 transcription as instructed in the mMessage mMachine® T7 Transcription Kit (Life 

386 Technologies, AMI344). In addition, the PEDV nucleocapsid (N) gene was cloned into 

387 the pcDNA3.1 vector containing a T7 promoter sequence. N gene transcripts were 

388 generated from the digested N gene fragment using recommended conditions 

389 (mMessage mMachine® T7 Transcription Kit). Viral RNA and N gene transcripts were 

390 mixed with 800 pL of Vero cells (IxlO 7 cells/mL) in Opti-MEM (Gibco, 11058021) and 

391 then added to an electroporation cuvette. Three pulses of 450 volts at 50 pF were used 

392 to electroporate RNA into cells with a Gene Pulser II electroporator (Bio-Rad). The cells 

393 were recovered in the cuvette for 10 min at room temperature and then were cultured in 

394 a 75-cm 2 flask in growth medium at 37°C and 5% CO 2 . The growth medium was 

395 replaced with FCS-free maintenance medium containing 2 pg/mL TPCK-treated trypsin 

396 16 hours post-electroporation. Cells were maintained until over 90% of the cell 

397 monolayer showed syncytia-like CPE and then the supernatant was harvested and 

398 stored at -80°C. To generate an EndoU-deficient PEDV, two nucleotides were mutated 

399 (C19390G and A19391C) in fragment D to produce a histidine-to-alanine substitution in 
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400 nsp15. The mutated D fragment was combined with the other fragments for generation 

401 of an EndoU-deficient PEDV. Aliquots of both recombinant viral stocks were sent to the 

402 Iowa State Veterinary Diagnostic Laboratory for full genome sequencing. Except for the 

403 mutations described previously, no additional changes were detected. 

404 Growth kinetics and titration. In a 24-well (1.5x10 5 cells/well) plate, Vero cells 

405 were infected with PEDV at a dose of 0.1 TCID 50 per cell in the presence of 2 pg/mL 

406 TPCK-treated trypsin. After two hours incubation, the inoculum was removed and 

407 replaced with Vero cell maintenance medium. Cell culture supernatant was collected at 

408 the indicated time points after infection and subjected to titration using a standard 

409 TCID50 assay. Briefly, Vero cells seeded in a 96-well plate (4x10 4 cells/well) were 

410 washed three times with phosphate-buffered saline (PBS) and then incubated with 

411 serially 10-fold diluted supernatant from infected cells. The number of wells with visible 

412 CPE were counted ~3-4 days post-infection. The TCID 50 value was calculated using the 

413 Reed-Muench method (59). 

414 Immunofluorescence assay. In a 96-well plate, Vero cells were infected with PEDV 

415 at a dose of 0.1TCID 50 per cell in the presence of 2 pg/mL TPCK-treated trypsin. At 16 

416 hours post-infection, cells were washed once with PBS and fixed with cold 

417 methanol/acetone (50%/50%, v/v) for 15 minutes at -20°C. Fixed cells were then 

418 blocked with PBS containing 5% FCS for 30 minutes at 37°C and stained with FITC- 

419 labeled anti-N protein monoclonal antibody (mAb SD6-29; courtesy of Eric A. Nelson, 

420 South Dakota State University) for 1 hour at 37°C. Subsequently, cells were washed 

421 three times with PBS before examination using a fluorescence microscope. 
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422 Evaluating transcript levels from cultured cells. To measure mRNA levels from 

423 cells, 3xl0 5 PK1 cells or 6x10 5 PAMs per well were plated in a 12-well plate 16 hours 

424 prior to infection. Cells were washed twice with PBS and infected with the indicated 

425 virus at a dose of 0.1 TCID 50 per cell in the presence of 5 pg/mL trypsin (Sigma, 

426 59427C). Cells were harvested at different time points using RLT buffer provided by the 

427 RNeasy mini kit (QIAGEN, 74104) and total RNA was extracted as instructed by the 

428 manufacturer’s protocol. 500 ng RNA was used for cDNA synthesis using the RT2 HT 

429 First Strand Kit (QIAGEN, 330411). Quantitative PCR (qPCR) was performed using RT2 

430 SYBR Green qPCR mix (QIAGEN, 330502) in the Bio-Rad CFX96 system. The 

431 thermocycler was set as follows: one step at 95°C (10 minutes), 40 cycles of 95°C (15 

432 seconds), 55°C (1 minutes) and plate read, one step at 95°C (10 seconds), and a melt 

433 curve from 65°C to 95°C at increments of 0.5 q C/0.05 seconds. Samples were assayed 

434 in triplicate and data are representative of three independent experiments. The levels of 

435 mRNA were relative to p-actin mRNA and expressed as 2~ ACT [ACT = C T (gene of interest) 

436 -C t(gapdh)]- PCR primers used in this study are listed in Table 1. 

437 Animal study. Three pregnant sows free of clinical disease were purchased from a 

438 PEDV negative herd and transported to NADC about 4 weeks prior to farrowing. They 

439 were housed as a group according to NADC Institutional Animal Care and Use 

440 Guidelines and randomly assigned to treatment groups. At 7-10 days prior to farrowing, 

441 each sow was placed in a farrowing crate in an isolation room and allowed to farrow 

442 naturally. At 7-days-of-age eight piglets in each litter were orally inoculated with the 

443 indicated virus in a 2-mL volume containing 1x10 5 TCID 50 /mL of virus. Clinical diarrhea 

444 signs were recorded daily and graded based on severity using the following criteria: 
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445 0=healthy, normal feces; 1=soft stool; 2=semi-liquid stool; 3=projectile liquid feces; 

446 4=voluminous watery diarrhea (60). Rectal swabs were collected daily using a sterile 

447 polyester-tipped applicator immersed in a 5 mL polystyrene round-bottom tube filled 

448 with 2 mL of MEM. All samples were frozen at -80°C until future use. 

449 Quantifying viral RNA from fecal samples. The quantification of viral RNAs in 

450 fecal samples has been previously described (61). Briefly, each sample was thawed, 

451 vortexed for ~10 seconds, then centrifuged to clarify. RNA extraction was performed 

452 with 200 pL of the supernatant from each rectal swab by using a MagMAX pathogen 

453 RNA/DNA kit (Applied Biosystems, 4462359) in a MagMAX Express (Applied 

454 Biosystems) instrument according to the manufacturer’s feces total nucleic acid 

455 purification protocol. Viral RNA was eluted into 90 pL of buffer. PEDV N gene RT-PCR 

456 was performed on nucleic acid extracts using Ambion Path ID multiplex one-step RT- 

457 PCR reaction master mix (Applied Biosystems, 4442137) according to the 

458 manufacturer’s recommendations for the 7500 Fast real-time PCR system (Applied 

459 Biosystems). The reverse transcription was performed at 45 q C for 10 minutes, reverse 

460 transcriptase denaturation at 95 q C for 10 minutes, followed by 40 cycles of 95 q C for 15 

461 sec and 60 q C for 45 sec during which fluorescence was collected. Primers and probe 

462 targeted conserved regions (nucleotides 941-1028) of the PEDV N gene with 

463 modifications specific to the PEDV strain USA/Colorado/2013 (GenBank accession 

464 KF272920). The sequence of probe and primers are listed in Table 1. 

465 H&E staining and immunohistochemistry. Tissues were fixed in neutral buffered 

466 formalin, and then routinely processed and embedded in paraffin. Five micron thick 

467 sections were cut and routinely stained with hematoxylin and eosin (H&E) stain utilizing 
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468 a Tissue-Tek Automated Slide Stainer (Sakura Finetek USA, Torrence, CA). A 

469 veterinary pathologist who was blinded to the treatment groups evaluated sections of 

470 small intestine by light microscopy to identify location and subjectively assess villus 

471 atrophy and crypt hyperplasia. 

472 Formalin-fixed, paraffin-embedded intestinal tissue sections were mounted on 

473 positively charged glass slides and oven-dried for 60 minutes at 60°C. Slides were 

474 deparaffinized using a pre-programmed protocol on a Tissue-Tek Prisma Automated 

475 Slide Stainer (Sakura Finetek USA, Torrance, CA). Deparaffinized slides were then 

476 rinsed three times in deionized water followed by soaking in Tris Buffer Saline with 

477 Tween 20 for 5 minutes. Slides were placed in a DAKO Autostainer (Agilent, Santa 

478 Clara, CA) and run through a pre-programmed immunohistochemistry (IHC) protocol. 

479 The IHC protocol utilizes Protease XIV (Millipore Sigma, St. Louis, MO) for antigen 

480 retrieval, murine monoclonal antibody SD6-29 specific for the nucleocapsid of PEDV (62) 

481 at 1:1000 dilution, Dako Envision+HRP (Agilent, Santa Clara, CA), and DAB substrate 

482 chromogen (Agilent, Santa Clara, CA). The slides were then counterstained in 

483 hematoxylin and cover-slipped. The same veterinary pathologist who evaluated the 

484 H&E stained intestinal sections also evaluated the IHC slides. 
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701 Figure legends 

702 Figure 1 . Schematic diagram of the strategy used to generate an infectious clone 

703 of the Colorado strain of PEDV and amino acid homology of the Endoll domain of 

704 coronaviruses. (A) PEDV replicase polyprotein, structural and accessory components, 

705 with viral proteases and predicted cleavage sites (triangles). Abbreviations: PLP, 

706 papain-like proteases; 3CLpro, 3C-like protease; RdRp, RNA-dependent RNA 
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707 polymerase; Hel, helicase; ExoN/MT, exoribonuclease/ guanosine-N7- 

708 methyltransferase; EndoU, endoribonuclease; MT, O-methyltransferase; S, spike; 3, 

709 ORF 3; E, envelope; M, membrane; N, nucleocapsid. The 5 DNA fragments with 

710 restriction enzyme sites used for ligation are depicted with the mutations described in 

7 11 this study. (B) Sequence alignment of CoV nsp15/EndoU. The catalytic histidine 

712 residues are indicated with yellow stars. MHV, mouse hepatitis virus; SARS, Severe 

713 Acute Respiratory Syndrome CoV; MERS, Middle East Respiratory Syndrome CoV; IBV, 

714 infectious bronchitis virus; PDCoV, porcine delta CoV. 

715 Figure 2. Recovery of an infectious clone of the Colorado strain of PEDV wild- 

716 type (icPEDV-wt) and EndoU mutant (icPEDV-EnUmt). (A) Vero cells were 

717 electroporated with in vitro transcribed PEDV RNA and characteristic CPE was 

718 observed at 30 hours post-electroporation in the presence of 2 pg/mL TPCK-treated 

719 trypsin. (B) Vero cells infected with supernatant from electroporated cells were fixed at 

720 24 hpi and probed with FITC-conjugated monoclonal anti-N antibody (green) and 

721 Hoechst dye for nuclei DNA (blue) by immunofluorescence assay (IFA). (C and D) 

722 Growth kinetics of parental strain, wild-type, and EndoU mutant PEDV in Vero cells. 

723 Supernatants from infected cells were collected at indicated time points and titered on 

724 Vero cells. TCID 50 was calculated using the Reed-Muench method (58). 

725 Figure 3. EndoU-deficient PEDV induces an early and robust type I and III IFN 

726 response in PK-1 cells. (A and B) PK-1 cells were transfected with 200 ng poly 1C for 

727 24 hours. Total RNA was extracted and the relative mRNA levels (comparing to mock- 

728 treated cells) of (A) IFN-p and IFN-A3 and (B) ISGs were measured by RT-qPCR. (C-E) 

729 PK1 cells were infected with either icPEDV-wt or icPEDV-EnUmt (0.1 TCID 5 o/cell). The 
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730 relative mRNA levels (comparing to WT-infected cells at 8 hours post-infection) of IFN-p 

731 (C) and IFN-A3 (D) were presented as fold change. The level of N gene (E) relative to 

732 GAPDFI mRNA were expressed as Z ACT [AC T = C T ( ge ne of interest)-C T (p-actin)\- (F) PK1 cells 

733 were infected with PEDV (0.1 TCID 5 o/cell) and culture supernatant was collected at 

734 indicated time points and titrated on Vero cells. The experiment was performed three 

735 times and the representative data are shown. Error bars represent mean ± SD. *, 

736 p<0.05; **, p<0.01, ***, p<0.001 ,****, p<0.0001. 

737 Figure 4. EndoU-deficient PEDV infection induces robust expression of ISGs and 

738 pro-inflammatory cytokines in PK1 cells. PK1 cells were infected with either 

739 icPEDV-wt or icPEDV-EnUmt (0.1 TCID 50 /cell) and cells harvested at indicated time 

740 points for total RNA extraction. The relative mRNA levels (comparing to mock-infected 

741 cells at 12 hours post-infection) of ISG54 (A), ISG15 (B), OAS1 (C), and TNFa (D) were 

742 measured using RT-qPCR. The experiment was performed three times and the 

743 representative data are shown. Error bars represent mean ± SD. ****, p<0.0001. 

744 Figure 5. EndoU-deficient PEDV infection induces a robust type I IFN response in 

745 primary porcine alveolar macrophages (PAMs). PAMs were infected with either 

746 icPEDV-wt or icPEDV-deEndoU (0.1 TCID 5 o/cell) and cells were harvested at the 

747 indicated time points for total RNA extraction. The relative mRNA levels (comparing to 

748 mock-infected cells) of IFN-p (A), IFN-a (B), IFN-13 (C), ISG54 (E), and OAS1 (F) and 

749 the relative N mRNA (D) (comparing to WT-infected cells at 6 hours post-infection) were 

750 measured using RT-qPCR. The experiment was performed three times and the 

751 representative data are shown. Error bars represent mean ± SD. n.d., not detectable; 

752 n.s., not significant;*, p<0.05; **, p<0.01; ***, p<0.001. 
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753 Figure 6. Evaluating the clinical presentation, shedding, and mortality of parental 

754 Colorado strain, icPEDVwt and icPEDV-EnUmt in neonatal pigs. 7-day-old piglets 

755 were inoculated orally with 10 5 TCID 50 of the indicated strain of PEDV. (A) Clinical 

756 symptoms were graded daily for 7 days. (B) Fecal swabs were obtained daily and 

757 evaluated for viral RNA by Taqman RT-qPCR. Error bars represent mean ± SEM, *, p 

758 <0.05. The limit of detection for this RT-qPCR assay is indicated by the dotted line. (C) 

759 Survival rate was plotted using Graphpad Prism 5 and the p value was calculated using 

760 the Log-rank test. The number (n) of animals used in each group is shown in 

761 parentheses. 

762 

763 Figure 7. Histology and IHC staining of age-matched, uninfected control, PEDV- 

764 Colorado, icPEDV-wt-, and icPEDV-EnUmt-infected piglet ileum. Piglets were 

765 euthanized at the day 7 time point. Images show representative histological slides of 

766 ileum specimens showing H&E staining (upper panel, 4X), and immunohistochemistry 

767 (IHC) staining (lower panel, 40X) using mouse anti-PEDV-N antibody. 


35 


D 

O 


Downloaded from http://jvi.asm.org/ on February 6, 2019 by guest 


Journal of Virology JVI Journal of Virology Accepted ManUSCTipFPoSted Onlme 


Nonstructural Proteins 


Structural & 
Accessory Proteins 


VV V V V 


1 2 

□ 

□ 

co 

4 

H 6 

8 

9 loll 


PLP1 PLP2 


GCCGCTA/TGGC 


3CLpro 


12 


13 


14 


16 


RdRp 


Hel ExoN/MT | MT 

EndoU 


GCCCCAG/AGGC 



B 


nsp15/Endoll 


Spike 


i 

GlLEl 


Y [IBV 

8 [PDCoV N lLEglLAYglC 


sleJvvyJl 

SLE {VAY{V 
GLEf IAF J' 

sid JiafJmykg 

T T. A Y T I 


10 

VKKlGlSlFlVGAE 


VNAG 
VNKG 
G 
G 

YYK[N 


/V|VNDK[V|LV|R|DGTV|i 
heIdgraHel^cavigekviakiqne 


HFDGHA 

HFIGVE 

HYDAVA 

qniahvd 


EMP 

OLD 


VS I 


ELPVAVVNDK 


T VI 
V IVI 


INNAVYTK 


TGDKVFVI 

NNNAjvjYAEK 


VDGI 


iftksgvn: 
dqgv: 

VDNN 


40 

• 

D]TL‘ 

DVVV[ 

DVE 
DIC 
EKAV 

l| v k[l| 3 d or 


50 


nJk 
E f K 
E jK 

f Jq 3TL 

C R ii 


sx 

PF 

TL 

TL 


NL 


T 

NVM 

F, 

LYAKi 

T 

NV 

V 

LFAKi 

V 

NVE 

F 

LWAKi 

T 

NI rr 

F 

LYAKi 

T 

svfl 

F 

LYAKi 

V 

SVfl 

F 

HYTNi 


SIR 

IK 

AVR 

IR 

h |tr 


SH i 

ll 


PI TlILlRN 


PH jELK 
PV 3 EIK 


LFRNh 
ILNN 
DFKLLHNj 
ILSG 

llIsg 


G|V|V(C|TSKCIVIIJ 1 D YlEAERPLTTFfj 
N T nvrwsHVT, ? n Y A KD S VFP. S S I 


N I 

gv: 

Q AD 

gv: 

G[V 


CWSHVL 
IAANTVI 71] 

cykfvl" 

TYGFVI 


DYAKDSVFCSS 
DYKREAPAHVS 

J DYERSNIYGTA 
DYANQTPLYRNii 

Itrnf ItvEfdI n. . dtifqyi 


YK 

IG 

IG 

VK 

IN 


110 


120 


130 


160 



Y [IBV 
8[PDCoV 


a[PEDV 
MHV 
R SARS 
' Lmers 
y [IBV 
8[PDCoV 


FEGDV.C 

LQCIES.LN 

IAKKPTESACSSLT 
IDVNSALN.. 

IEPNG.LI 

IDPSTH.V' 


TL 

VL 

'fVL 

IC 

VLY 

VLC 




IVGSLER 

DNGALE 

VEGQVDL 

DNCSLE 

.HGDYQS 

YGTDWSQ 


SMTQ 
KKC“ 
rna: 

MST 

l aaeEJa v|l|v s 

IQLP$AVFLT 



.Li£VPVNTH..EDKPFTWYIYTRKNGK. 

. LftraVVVEKVG . . DSDVEF^F[AVRKDGDDVIFSRTGSLE 

VDGI . 


^ VTL IGESVK . . . TQFNYFKKV 

A IIRDSDVVKQPVKFYLYKKVNNE. 

MPLK .DGANLYVYKRSNGA . 

LTLEEVAID .GEELYI YVRYNNQ . 


190 


. FEDYPDGYFi] 


PSHYRS PQGNPGGNRVGDLSGNEALARGTIF n SS^LLSS j 

.IQQLPETYFn *S HD LED : 

FIDPTECIYJJ SSySCSD j 

t niniPT Vu Z f' !kivv m ■ 


.FVTLPTTLNM 
. . LTTFATTC " 



260 

• 

IIdefvssndstE] 

IQEFVTY . DSSi: 
LEDFIPM . dstv: 
MEEMLKG.SSTI 
AKSVTNSDSDVMi 
NHVYN.PVi 


280 


G jyN YET 
g 0 nveq 

290 


RSQM 

LSD" 

RSDV 

KTPM 


210 

l|s|m]dmgl 
LDDDV 
LAMDE 
FDSDV 
LlDMLEDD 

iJe[m|sqqs 


24 .°* 

^LQLLQSbfVR; 

• ■ T - T T i TT D 


300 


CTVTYADNP 
YFITDENSG 
YFITDAQTG 
YFITETNTA 
YF.VLADNG 
CV.VTSPNA 


SS. 
SS : 
SS. 
AF[i 
SY : 
SS 


3mQj 

?s2 • 

h 


a 5 : 

o. ! 


j!QJ • 

UnEL_ 


TYM i 
TVI i 
SVI i 
SVI i 
TVV i 
TVL i 


LL i 
LL i 
LL i 
LK i 
LL i 
VL i 


FVSILKSLDL.. .SVV 
FVD I VKSLNL... KCV 
FVEIIKSQDL... SVI 
FVMI LKSQDL . . .GW 
FLELLRNILKEYGTNK 

yipIiirq| ah[a|sy . tsk 



LACMGVL 

laIrrqqksnl 


lak 


RSQDSPL 


LYKKQQEGHI 


LVK 


LLRANKL 

NKFEHQjL 


Downloaded from http://jvi.asm.org/ on February 6, 2019 by guest 












































































































































































































































































<D 

C 



A 


Control 


icPEDV-wt 


icPEDV-EnUmt 



B 


I FA 


Control icPEDV-wt icPEDV-EnUmt 



c 




x 

CD 

_o 

O 


D 

o 


Downloaded from http://jvi.asm.org/ on February 6, 2019 by guest 

















<D 

C 


B 




IFN-p 


^ 1400 
O 

t. 1200 

c 

.2 iooo 

w 

© 800 


icPEDV-wt 

icPEDV-EnUmt 


a 

x 

© 

© 

> 

re 

© 

O' 



400 -t 


200 - 


12 24 

Hours post-infection 


— 6-, 

o 


c 

o 

'55 

</> 

© 

i, 

a 

x 

© 

© 

> 

'■M 

re 

© 

a: 


IFN-A.3 


icPEDV-wt 

icPEDV-EnUmt 



12 24 

Hours post-infection 


N gene 


icPEDV-wt 

icPEDV-EnUmt 



12 24 

Hours post-infection 



D 

o 


Downloaded from http://jvi.asm.org/ on February 6, 2019 by guest 








































ISG54 


B 


ISG15 


^ 150- 
o 


(/) 

d) 


I I mock 

icPEDV-wt 
H icPEDV-Enllmt 


| xxxx | 


^ 120 - 
o 


□ mock 

■ icPEDV-wt 

■ icPEDV-Enllmt 


a. 

x 

a) 

a> 

_> 

re 

o 

a: 



12 24 

Hours post-infection 


OAS1 


12 24 

Hours post-infection 

TNFa 


~o 

600-| 

o 

u-_ 

450- 

c 

o 

'(/) 

300- 

(/) 

a) 

i— 

a 

X 

150- 

0) 

a) 

30 j 

_> 

20- 

m 

10- 

a> 

a: 

0-- 


I I mock 

icPEDV-wt 
H icPEDV-Enllmt 




12 24 

Hours post-infection 


12 24 

Hours post-infection 


X 

CD 

_o 

O 


D 

o 


Downloaded from http://jvi.asm.org/ on February 6, 2019 by guest 

























<D 

C 


^ 800- 


□ mock 

■ icPEDV-wt 

■ icPEDV-EnUmt 


IFN-p 


B 


0.015 n 




12 24 

Hours post-infection 


T3 "O 


i 


IFN-a 


"D "O 


~q -a 
d d 


L 


12 24 

Hours post-infection 


IFN-A.3 



N gene 


m 

cd 


cd 

cd 


_ro 

CD 

a: 



Hours post-infection 


Hours post-infection 


ISG54 



OAS1 


(A 

(A 

CD 


CD 

CD 


> i H 

CD 

a: 



Hours post-infection 


Hours post-infection 


D 

o 


Downloaded from http://jvi.asm.org/ on February 6, 2019 by guest 






































Journal of Virology JVI Journal of Virology Accepted ManUSCTipFPoSted Onlme 


4 -, 


o 3 -l 

s_ 

o 
o 
in 

ro ^" 
o 

c 

O iJ 


B 


10 10 1 


n 

| 10 s 
jO 

<5 10 6 

A 

E 

= 10 4 
o 10 2 

o 


10 °- 



Parental (8) 
icPEDV-wt (8) 
icPEDV-EnUmt (8) 


T 

5 6 

Days post-infection 



2 3 4 5 6 

Days post-infection 


100 - 


15 80 - 
> 

E 

<n 


60 - 


c 

o 40 - 
o n 

k. 

0) 

^ 20-1 


Parental (8) 
icPEDV-wt (8) 
icPEDV-EnUmt (8) 


] p=0.0251 


1 2 3 4 5 

Days post-infection 


6 


Downloaded from http://jvi.asm.org/ on February 6, 2019 by guest 



















































Table 1. qPCR primers and probe sequences used in this study 


Method Target Forward (5’->3’) 


Reverse (5’->3’) 


c 

Cl) 

CD 

O 

CE 

CD 

>- 

CO 


d 

CO 

E 

cr 

co 

I- 


Porcine IFN-a 
Porcine IFN-J3 
Porcine IFN-A.3 
Porcine GAPDFI 
PEDV N gene 
PEDV N gene 
N gene probe 


CCTGGCACAAATGAGGAGAA GCCTTCTGGACCTGGTTG 
AGCAGATCTTCGGCATTCTC GTCATCCATCTGCCCATCAA 

GTTCAAGTCTCTGTCCCCAC GCTGCAGTTCCAGTCCTC 
ACCTCCACT ACATGGT CT ACA ATGACAAGCTTCCCGTTCTC 
C ACT AACCTGGGTGT CAG AAA CGTGAAGTAGGAGGTGTGTTAG 
GAATTCCCAAGGGCGAAAAT TTTT CG ACAAATTCCGCAT CT 

FAM-CGTAGCAGCTTGCTTCGGACCCA-BHQ 
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